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ABSTRACT: Glutaminases belong to the large superfamily of serine-dependent �-lactamases and penicillin-
binding proteins, and they catalyze the hydrolytic deamidation of L-glutamine to L-glutamate. In this
work, we purified and biochemically characterized four predicted glutaminases from Escherichia coli
(YbaS and YneH) and Bacillus subtilis (YlaM and YbgJ). The proteins demonstrated strict specificity to
L-glutamine and did not hydrolyze D-glutamine or L-asparagine. In each organism, one glutaminase showed
higher affinity to glutamine (E. coli YbaS and B. subtilis YlaM; Km 7.3 and 7.6 mM, respectively) than
the second glutaminase (E. coli YneH and B. subtilis YbgJ; Km 27.6 and 30.6 mM, respectively). The
crystal structures of the E. coli YbaS and the B. subtilis YbgJ revealed the presence of a classical
�-lactamase-like fold and conservation of several key catalytic residues of �-lactamases (Ser74, Lys77,
Asn126, Lys268, and Ser269 in YbgJ). Alanine replacement mutagenesis demonstrated that most of the
conserved residues located in the putative glutaminase catalytic site are essential for activity. The crystal
structure of the YbgJ complex with the glutaminase inhibitor 6-diazo-5-oxo-L-norleucine revealed the
presence of a covalent bond between the inhibitor and the hydroxyl oxygen of Ser74, providing evidence
that Ser74 is the primary catalytic nucleophile and that the glutaminase reaction proceeds through formation
of an enzyme-glutamyl intermediate. Growth experiments with the E. coli glutaminase deletion strains
revealed that YneH is involved in the assimilation of L-glutamine as a sole source of carbon and nitrogen
and suggested that both glutaminases (YbaS and YneH) also contribute to acid resistance in E. coli.

Glutaminases (EC 3.5.1.2) are present in most bacteria and
eukaryotes and catalyze the hydrolytic deamidation of
L-glutamine to L-glutamate and free NH4

+ (1). These
enzymes are strictly specific to L-glutamine and differ from
glutaminase-asparaginases (EC 3.5.1.1), which deamidate
both asparagine and glutamine. Poorly characterized glutami-
nases belong to the large group of serine �-lactamases and
penicillin-binding proteins, which have a common evolution-
ary origin and share the protein fold, structural motifs, and
catalytic mechanism (2). This large group of enzymes
includes DD-peptidases, transpeptidases, glutaminases, and
three classes of well-characterized serine �-lactamases (A,

C, and D) (3). �-Lactamases (EC 3.5.2.6) catalyze the
hydrolysis of an amide bond (N-CO) in the �-lactam ring
of antibiotics of the penicillin/cephalosporin family constitut-
ing the most common mechanism of bacterial resistance to
�-lactam antibiotics, whereas penicillin-binding proteins have
transpeptidase, transglycosylase, and carboxypeptidase ac-
tivities and are involved in the biosynthesis of the bacterial
cell wall (2, 4, 5). The representatives of all �-lactamase
and DD-peptidase families have been characterized both
structurally and biochemically, and the molecular mecha-
nisms of the catalysis have been established (6–9).

In microorganisms, glutaminases have been reported from
many species including Gram-positive and Gram-negative
bacteria, yeasts, and fungi (1, 10). Several microbial enzymes
(from Micrococcus luteus, Rhizobium etli, Bacillus pasteurii,
and Lactobacillus rhamnosus) were purified and partially
characterized (11–14). All of these enzymes (except for the
L. rhamnosus glutaminase) were found to be soluble proteins,
and they all showed low affinity to glutamine (Km from 1.5
to 9.5 mM). The recently solved crystal structure of a major
fragment of the M. luteus glutaminase (PDB 2dfw) revealed
the presence of a putative catalytic site in the N-terminal
domain (15). Mutational analysis of this protein indicated
that Ser64, Lys67, and Glu160 are essential for catalysis and
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suggested that the catalytic mechanism might be similar to
that of the class A �-lactamases (16). Many organisms
including mammals produce two glutaminases, which share
30-40% sequence identity (17–20). In Escherichia coli, the
presence of two glutaminases (A and B) was experimentally
demonstrated over 30 years ago (21, 22). Glutaminase A
seems to be the main isoenzyme, and it was purified in
apparently homogeneous form (21). Glutaminase B com-
prised a minute fraction of total cellular protein, and after
6000-fold purification, the purified preparation contained only
about 40% of this enzyme (22). Studies on the regulation of
the cellular levels of two glutaminases have revealed that
glutaminase A levels are stimulated by high NH4

+ and
inhibited by cAMP, while glutaminase B levels were
independent of the growth conditions (23–25). In the E. coli
genome, as well as in the genome of the Gram-positive
bacterium Bacillus subtilis, there are two genes encoding
putative glutaminases, but only for the B. subtilis YbgJ has
the bioinformatic prediction been recently confirmed experi-
mentally (26). The expression of this glutaminase has been
shown to be stimulated in response to glutamine in the culture
medium, suggesting that this protein is involved in glutamine
assimilation (26). However, the physiological functions of
the other glutaminases remain unknown.

In this work, we present the results of biochemical
characterization of the four predicted glutaminases from E.
coli (YbaS and YneH) and B. subtilis (YbgJ and YlaM). We
determined the crystal structures of YbaS and YbgJ in a free
state, as well as the structure of the covalent complex of
YbgJ with the glutaminase inhibitor 6-diazo-5-oxo-L-nor-
leucine (DON)1. Growth experiments with the E. coli
glutaminase deletion strains suggest that YneH is involved
in the assimilation of glutamine and that both YneH and
YbaS also contribute to acid resistance in this organism.

EXPERIMENTAL PROCEDURES

Gene Cloning and Protein Purification. Genes (ybaS and
yneH from E. coli and ylaM and ybgJ from B. subtilis) were
PCR-amplified using chromosomal DNA of the E. coli
W3110 strain and the B. subtilis 168 (ATCC 23857D-5).
The restriction sites BamHI and NdeI were added to the PCR
primers and used to directionally clone the PCR product into
the modified pET15b (Novagen) as previously described (27).
The recombinant plasmid was transformed into the E. coli
BL21(DE3) strain for overexpression. Expression and pu-
rification of His6-tagged proteins were described previously
(28, 29). All four proteins were well expressed and purified
with high yield (2-5 mg/L of culture) and purity (over 95%
as verified by SDS-PAGE gels and Coomassie staining).
Purified proteins were stored at -80 °C, except for YbaS,
which was unstable and was stored in liquid nitrogen.

Gel filtration analysis of the oligomeric state of glutami-
nases was performed with a Superose 12 10/300 GL column
(Amersham Biosciences) equilibrated with 10 mM HEPES-K
(pH 7.5) and 0.2 M NaCl using AKTA FPLC (Amersham
Biosciences). Protein standards included aldolase (158 kDa),
albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen
(25 kDa), and ribonuclease A (13.7 kDa).

Site-Directed Mutagenesis of YbaS. Site-directed mutagen-
esis of YbaS was performed using a protocol based on the
QuikChange site-directed mutagenesis kit from Stratagene.

DNA encoding wild-type YbaS cloned into the modified
pET15b was used as a template for mutagenesis. Plasmid
was purified from the resulting colonies using the Qiaprep
Spin Mini Prep kit (Qiagen), and all mutations were verified
by DNA sequencing. Verified plasmids containing the desired
mutations were transformed into the E. coli BL21(DE3)
strain, and the mutant YbaS proteins were overexpressed and
purified in the same manner as the wild-type YbaS.

Enzymatic Assays. Glutaminase activity was analyzed using
two assays: by measurement of NH4

+ production by the
continuous assay with glutamate dehydrogenase (30) or by the
chromogenic assay with L-glutamyl-p-nitroanilide. The reaction
mixture for the continuous glutaminase assay contained (in a
final volume of 1 mL) 50 mM HEPES-K buffer (pH 7.5, or
pH 8.0 for YbgJ), 50 mM L-glutamine, 0.2 mM NADH, 1 mM
EDTA, 0.2 mM R-ketoglutarate, 1 unit of glutamate dehydro-
genase (Sigma), and 0.1-0.2 µg of glutaminase. The oxidation
of NADH was followed continuously at 340 nm. Metal effects
were determined using a 10 min end-point assay. pH profiles
were determined using a buffer system described by Heering
et al. (31) Alternatively, glutaminase activity of purified proteins
was measured using the chromogenic substrate L-glutamyl-p-
nitroanilide (Sigma) in a reaction mixture containing 50 mM
HEPES-K buffer (pH 7.5) and 10 mM L-glutamyl-p-nitroanilide
(final volume 1 mL). The activity was followed at 410 nm.
For Km and Vmax determination, the glutaminase assays con-
tained 0.1-150 mM L-glutamine. Kinetic parameters were
determined by nonlinear curve fitting from the Lineweaver-
Burk plot using the GraphPad Prism software (version 4.00 for
Windows; GraphPad Software, San Diego, CA). For sigmoidal
curve fitting, this program uses the equation V ) (VmaxSh)/(Kh

0.5

+ Sh).
�-Lactamase activity of glutaminases with nitrocefin as a

substrate was assayed essentially as previously described
(32). Reaction mixtures (1 mL) contained 50 mM sodium
phosphate buffer (pH 7.4), 50 µM nitrocefin (dissolved in
DMSO), and 5-20 µg of protein. After 20 min incubation
at 37 °C, the increase in absorbance at 486 nm was measured
(ε ) 20.5 mM-1 cm-1).

Construction of the E. coli Glutaminase Deletion Strains
and Growth Experiments. The E. coli ∆ybaS and ∆yneH
deletion mutants were obtained from the Keio collection of
E. coli deletion mutants (33). The kanamycin-resistance
cassette was excised from the chromosome using the
procedure described by Datsenko and Wanner (34). The
double glutaminase deletion mutant (∆ybaS,∆yneH) was
prepared using reciprocal P1 transduction as described
previously (35). The deletions of glutaminase genes were
individually validated by colony PCR using specific primers
complementary to the upstream and downstream regions of
each glutaminase gene. Growth experiments with the E. coli
wild-type (BW25113) and glutaminase deletion (∆ybaS,
∆yneH, and ∆ybaS,∆yneH) strains were performed es-
sentially as previously described (36) using LB medium with
various pHs (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0; adjusted
after autoclaving) or minimal medium M9 containing 20 mM
L-glutamine as a sole source of carbon and nitrogen (pH 7.0)
or M9 medium containing 20 mM MES-K buffer (pH 4.5,
5.0, 5.5, or 6.0), 0.4% glucose, and 20 mM L-glutamine.

Protein Crystallization and Data Collection. Crystals of
YbaS and YbgJ were grown at 21 °C by the hanging drop
vapor diffusion method with 2 µL of protein sample mixed
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with an equal volume of the reservoir buffer as previously
described (37). The crystals of YbaS grew after 3-5 days
in the presence of 25% polyethylene glycol 3350, 0.2 M
MgCl2, and 0.1 M HEPES-Na (pH 7.5). The YbgJ crystals
were grown in 30% polyethylene glycol 1500, 0.2 M NaCl,
5% glycerol, 0.1 mM DTT, and 0.1 M HEPES-Na (pH 7.5),
whereas the crystals of the YbgJ + DON complex were
grown in 14.5% polyethylene glycol 1500, 0.5 M NaCl, 12%
glycerol, 0.1 M HEPES-Na (pH 7.5), and 10 mM DON. For
diffraction studies, the crystals were stabilized with the
crystallization buffer supplemented with 20% ethylene glycol
as a cryoprotectant and flash frozen in liquid nitrogen.

Structure Determination. All diffraction data were col-
lected on the 19-ID beamline of the Structural Biology
Center at the Advanced Photon Source (38). YbaS was
crystallized in two forms, both tetragonal (space group
I4) and orthorhombic (space group P212121). A MAD data
set was collected for the tetragonal crystal (wavelengths
of 0.97948, 0.97962, and 0.95667 Å), and a single
wavelength (0.97978 Å) was collected on the orthorhom-
bic crystal. Phases were obtained, and an initial model
was built from the tetragonal data set using HKL3000 (39),
but when it was realized that the orthorhombic crystal
diffracted to higher resolution, the initial model from the
tetragonal data set was used to obtain phases for the
orthorhombic crystal by molecular replacement using
AMORE (40). Subsequent model building using COOT
(41) and refinement using REFMAC 5.1 (42) and TLS
(43) were then performed. ARP/wARP (44) was used to
generate the initial solvent model, while manual water
picking was used to add additional waters. All possible
waters with nearest neighbor distances to other atoms of
<2.3 Å or >4.5 Å or had overly high B-factors (>80 Å2)
or low electron densities (<1.0σ) were manually omitted.
The final model (Rwork of 14.5% and Rfree of 17.8%)
contains 10487 atoms with 4 molecules in the asymmetric
unit, and each molecule of the asymmetric unit contains
309 out of 310 residues of YbaS.

For YbgJ, MAD data collection at wavelengths of 0.97910,
0.97921, and 0.954 Å was used to obtain phase information.
Initial phases, initial solvent flattening, and an initial model
were obtained using SOLVE/RESOLVE (45), and manual
building from this initial model using COOT (41) followed
by refinement using REFMAC5 (42) was used to complete
the structure. Solvent molecules were added and then pruned
as described for YbaS. The final model was refined to 2.0 Å
resolution (with an Rcryst of 21.6% and an Rfree of 24.5%)
and contains 5195 atoms including 2 molecules in the
asymmetric unit, with 312 out of 327 residues of YbgJ
present in each molecule of the asymmetric unit. Residues
6-12 and 36-44 of YbgJ were disordered and could not be
built in the electron density map.

The structure of YbgJ plus DON was determined using
SAD. Initial phases, solvent flattening, and automatic model
building were performed using HKL3000 (39), with subse-
quent manual model building using COOT (41) and refine-
ment using REFMAC 5.2 (42). Solvent was initially added
using ARP/wARP (44), with subsequent automatic and
manual water picking using COOT. Throughout refinement,
picked water molecules were pruned using similar criteria
as described above. However, prior to adding solvent, a long
unmodeled tube of electron density originating from the

hydroxyl group of Ser74 was observed (see Figure 6) and
ascribed to covalently bound inhibitor. This covalently bound
inhibitor fits optimally as 5-oxo-L-norleucine; a covalent bond
between it and the hydroxyl group of Ser74 was made first
by placing the relevant atoms within covalent-bonding
distance and then using CCP4i within the CCP4 program
suite (46) to form the linkage. The final model (resolution
of 2.3 Å, Rcryst of 20.0% ,and Rfree of 25.2%) contains 5032
atoms with 2 molecules in the asymmetric unit. Electron
density corresponding to residues 102-117 is not seen, and
density around residues 8-12 and 283-286 is poor. Data
collection and refinement statistics are shown in an abbrevi-
ated form in Table 2 (and in Supporting Information Table
1), which presents data collection statistics for the peak
wavelength of MAD data sets. The coordinates have been
deposited in the Protein Data Bank under accession codes
1u60 (YbaS), 1mki (YbgJ), and 3brm (YbgJ + DON
complex).

RESULTS AND DISCUSSION

Sequence Analysis of Glutaminases. Glutaminases are
widely distributed in bacteria and eukaryotes but seem to
be absent in archaea, thermophiles, and plants (1). Many
sequenced genomes contain two genes encoding predicted
glutaminases of the �-lactamase superfamily. The E. coli
genome encodes two predicted glutaminases, YbaS (P77454,
GlsA1, 310 amino acids) and YneH (P0A6W0, GlsA2, 308
amino acids), which share 38% sequence identity. The YbaS
gene is located upstream and cotranscribed with ybaT
encoding an uncharacterized amino acid transporter (APC
superfamily), whereas the YneH gene seems to comprise a
single gene operon (EcoCyc database, http://www.ecocyc.
org/). Likewise, the B. subtilis genome has two genes
encoding predicted glutaminases, YbgJ (O31465, GlsA1, 327
amino acids) and YlaM (O07637, GlsA2, 309 amino acids)
with 44% sequence identity to each other and 33-38%
sequence identity to predicted E. coli glutaminases. The
presence of glutaminase activity in YbgJ was recently
reported (26). The B. subtilis ybgJ is located upstream and
cotranscribed with a gene encoding the glutamine transporter
YbgH (26). Sequence alignment of the predicted glutami-
nases from E. coli and B. subtilis with the sequences of
several known glutaminases revealed the presence of over
40 absolutely conserved residues including the predicted
�-lactamase motif 1 (2), a catalytic diad Ser-X-X-Lys (Ser66-
X-X-Lys69 in YbaS) (Figure 1). The �-lactamase sequence
motif 3 (Lys/Arg-Ser/Thr-Gly) (2) was also recognizable in
glutaminases (Lys259-Ser260-Gly261 in YbaS), whereas
only Ser (Ser160 in YbaS) could be identified for the Ser-
Asp-Asn triad of the class A �-lactamase motif 2 (Figure
1). The class C �-lactamases contain a conserved Tyr residue
(Tyr150 in AmpC from Enterobacter cloacae) instead of Ser
in motif 2 (2), which also has no obvious counterpart in the
glutaminase sequences. Thus, sequence analysis indicates that
glutaminases retained motifs 1 and 3 of �-lactamases but
differ in motif 2.

Protein Purification and Oligomeric State. Genes encoding
the four predicted glutaminases from E. coli (YbaS and
YneH) and B. subtilis (YbgJ and YlaM) were overexpressed
in E. coli, and the recombinant proteins were affinity purified
(see Experimental Procedures for details). All four proteins
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were expressed in soluble form, and a one-step purification
using metal-chelate affinity chromatography on a Ni2+-NTA
affinity resin produced glutaminase preparations with over
95% homogeneity as assessed by SDS-PAGE gels (not
shown). Gel filtration analysis (data not shown) of the
oligomeric state of purified proteins revealed that both YbaS
(32.9 kDa) and YbgJ (36.2 kDa) were tetramers in solution
(148.8 and 138.1 kDa, respectively), whereas YneH (33.5
kDa) and YlaM (34.0 kDa) were dimers (74.9 and 72.6 kDa,
respectively).

Enzymatic Studies. All purified proteins exhibited glutami-
nase activity when assayed in an enzyme-coupled assay with
glutamate dehydrogenase, which detects the formation of free

NH4
+. Glutaminase activity of YbgJ was also confirmed

using the chromogenic substrate glutamate-p-nitroanilide, but
the rate of hydrolysis of this substrate [0.3 µmol min-1 (mg
of protein)-1] was 400-450 times lower than that of
L-glutamine. With L-glutamine as a substrate, all glutaminases
expressed maximal activity at pH 7.5-8.0 (Supporting
Information Figure 1). However, the glutaminase activity of
YbaS was more resistant to low pH than in other glutami-
nases, and this enzyme exhibited significant activity even at
pH 4.5 (Supporting Information Figure 1A). On the basis of
the pH profiles of glutaminase activity, we propose that the
E. coli YbaS and YneH correspond to glutaminases A and

FIGURE 1: Structure-based sequence alignment of �-lactamase-like glutaminases from several bacteria and humans. The secondary structure
elements are shown above (YbaS) and below (YbgJ) the alignment. Highly conserved residues are shaded and boxed. Residues comprising
the �-lactamase signature motifs I, II, and III are marked by asterisks. The compared glutaminases are E. coli YbaS (P77454), E. coli YneH
(P0A6W0), M. luteus GlsA (Q4U1A6), H. sapiens GlsK (O94925), H. sapiens GlsL (Q9UI32), R. etli GlsA (O87405), B. subtilis YlaM
(O07637), and B. subtilis YbgJ (O31465).

Table 1: Kinetic Parameters of Glutaminases from E. coli (YbaS and YneH) and B. subtilis (YbgJ and YlaM) with Glutamine as a Variable Substrate

protein Km (mM) Vmax (units/mg)a kcat (s-1) kcat/Km (M-1 s-1)

YbaS (wt)b 7.3 ( 0.3 153.5 ( 2.9 91.4 ( 1.7 12.5 × 103

YneH (wt) 30.6 ( 2.7 169.7 ( 6.4 101.0 ( 3.8 3.4 × 103

YlaM (wt) 7.6 ( 0.3 69.9 ( 1.1 38.8 ( 0.6 5.1 × 103

YbgJ (wt) 27.6 ( 1.6 113.7 ( 3.2 67.7 ( 1.9 2.45 × 103

YbaS (Q162A) 8.5 ( 0.4 134.3 ( 2.7 79.9 ( 1.6 9.4 × 103

YbaS (G261A) 23.7 ( 1.7 83.9 ( 2.9 49.9 ( 1.7 2.1 × 103

YbaS (wt + 1.5 mM Amp)c 10.7 ( 0.7 138.6 ( 4.9 82.5 ( 2.9 7.7 × 103

YbaS (wt + 3.0 mM Amp) 12.3 ( 0.8 142.2 ( 4.7 84.6 ( 2.8 6.9 × 103

a Units/mg ) µmol min-1 (mg of protein)-1. b wt ) wild type. c Amp ) ampicillin.
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B, respectively, that were identified in this organism over
30 years ago (21, 22, 47).

All glutaminases were highly specific to L-glutamine as a
substrate and showed no activity against L-asparagine or
D-glutamine. With L-glutamine, all four glutaminases dem-
onstrated a sigmoidal saturation curve, with a Hill coefficient
nH ) 1.8-2.8 indicating positive cooperativity in glutamine
binding. This observation is consistent with the oligomeric
state of glutaminases in solution (dimers and tetramers). The
E. coli YbaS and B. subtilis YlaM exhibited higher affinity
to glutamine (Km 7.3 and 7.6 mM, respectively) than the E.
coli YneH and B. subtilis YbgJ (Km 30.6 and 27.6 mM,
respectively) (Table 1). Biochemically characterized glutami-
nases from various organisms show a broad range of Km for
L-glutamine (0.1-21.0 mM) and kcat/Km values (6.1 × 103

to 11.6 × 10 (5) M-1 s-1) (BRENDA database; www-
.brenda.uni-koeln.de). Therefore, the glutaminases from E.
coli and B. subtilis have kinetic parameters similar to those
of other glutaminases. Thus, glutaminases exhibit low affinity
to L-glutamine (high Km), but at the same time they are highly
selective for this substrate and show no activity against
D-glutamine or L-asparagine. Low substrate affinity and high
substrate selectivity were also observed in glutamine syn-
thetases (EC 6.3.1.2; Km for glutamate up to 50 mM),
glucokinases (EC 2.7.1.2; Km for glucose up to 24 mM), and
high-Km phosphodiesterases (EC 3.1.4.17; Km up to 3 mM)
(BRENDA database; www.brenda.uni-koeln.de).

In contrast to the salt-tolerant glutaminase from M. luteus
(13), the rate of glutamine hydrolysis by the E. coli YbaS
was not stimulated by NaCl (up to 0.2 M) and dropped two
times in the presence of 0.5 M NaCl (not shown). Moreover,
on the contrary to the phosphate-activated glutaminases from
mammalians and B. pasteurii (12, 17), the activity of the E.
coli YbaS and YneH was inhibited by low concentrations
of PO4

3- (IC50 ) 17.2-17.4 mM) (Supporting Information
Figure 2). All four glutaminases were also inhibited by low
concentrations of divalent metal cations, Mg2+ and Mn2+

(Supporting Information Figure 1). YbaS was ∼10 times
more sensitive to these cations (IC50 for Mg2+ ) 0.2 mM
and IC50 for Mn2+ ) 0.1 mM) than the other three
glutaminases (IC50 ) 1.7-5.5 mM for Mg2+ and 0.7-1.3
mM for Mn2+).

The glutamine analogue 6-diazo-5-oxo-L-norleucine (DON)
has been shown to bind and irreversibly inactivate gluta-
minase-asparaginases from several organisms at low con-
centrations (60-100 µM) (48, 49). Crystal structures of three
glutaminase-asparaginases complexed with DON demon-
strated that this inhibitor becomes covalently attached to the
catalytic threonine residue in these enzymes (49–51). Whereas
glutaminases from the �-lactamase superfamily were also
shown to be inhibited by DON, these enzymes exhibited
much lower sensitivity to this inhibitor (21). Our work with
highly purified glutaminases revealed that even high con-
centrations of DON (2-10 mM) produced incomplete

Table 2: Crystallographic Data Collection and Model Refinement Statisticsa

YbaSb tetragonal YbaS (1u60) YbgJb (1mki) YbgJ + DON (3brm)

Data Collection

space group I4 P212121 P21212 P21212
cell dimensions

a (Å) 239.8 50.5 71.3 71.2
b (Å) 155.9 81.5 184.7
c (Å) 50.1 164.2 51.5 51.4

wavelength 0.97948 0.97978 0.9793 0.9793
resolution (Å) 50-1.8 (1.86-1.8) 50-1.8 (1.86-1.8) 50-2.0 (2.07-2.0) 50-2.29 (2.38-2.29)
Rsym or Rmerge 0.079 (0.388) 0.046 (0.153) 0.109 (0.502) 0.138 (0.521)
I/σI 27.7 (2.2) 25.6 (5.4) 5.4 (3.7) 5.2 (1.9)
completeness (%) 97.9 (83.4) 93.2 (75.2) 99.1 (98.5) 97.6 (83.8)
redundancy 6.8 (2.8) 3.9 (3.0) 10.2 (9.6) 6.3 (4.0)

Refinement

resolution (Å) 40-1.80 40.7-2.0 34.5-2.29
no. of reflections 107720/5686 43940/4346 24770/1317
Rwork/Rfree 0.143/0.178 0.212/0.245 0.174/0.248
no. of atoms

protein 9258 4844 4500
major ligand 75 16 20
solvent 1150 333 295

average B-factors
overall 19.2 31.3 32.9
protein 17.2 30.9 32.3
waters 33.8 36.4 42.2
ligand/otherc 39.9 42.6 42.4

Wilson B-factor 17.1 15.2 32.4
rms deviations

bond lengths (Å) 0.015 0.006 0.018
bond angles (deg) 1.4 1.3 1.7

Ramachandran plot
% in most favored regions 90.8 89.6 92.6
% in additionally allowed regions 8.0 8.9 6.5
% in disallowed regions 0.4 0.6 0.0

a Values in parentheses are for the highest resolution shell. b Data collection statistics are reported for data collection at the selenium peak
wavelength; data were also collected for the inflection and remote wavelengths, but these are reported in the Supporting Information table. c In the YbgJ
+ DON covalent complex, this refers to the average temperature factors for the ligand 5-oxo-L-norleucine. In the other glutaminase structures, there was
no ligand, but molecules of 1,2-ethylene glycol and formate ions were found.
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(45-90%) inhibition of glutaminase activity of YbaS or
YbgJ, suggesting that they employ a catalytic mechanism
different from that of glutaminase-asparaginases.

Highly purified preparations of the E. coli YbaS showed
low, but detectable �-lactamase activity [24.4-30.5 nmol
min-1 (mg of protein)-1] against nitrocefin, a general
�-lactamase substrate (52). This activity could not be
eliminated by additional purification steps (by gel filtration
or using the second Ni column after the cleavage of the His
tag) but was not detectable in the catalytically inactive YbaS
mutants (K69A, S160A, K259A). In addition, glutaminase
activity of YbaS was inhibited by the �-lactam antibiotics
penicillin (Ki ) 6.4 mM) or ampicillin (Ki ) 3.5 mM)
(Supporting Information Figure 3A). Kinetic analysis of the
YbaS glutaminase activity in the presence of ampicillin
demonstrated that this antibiotic acted as a competitive
inhibitor of glutamine hydrolysis (Supporting Information
Figure 3B) and induced an increase in Km for glutamine

without affecting its kcat (Table 1). As well, the commercial
preparation of the E. cloaceae penicillinase (a class C
�-lactamase) exhibited low, but detectable glutaminase
activity [20.7 ( 3.4 nmol min-1 (mg of protein)-1]. Thus,
the obtained results indicate that YbaS retained a low level
of �-lactamase activity and the �-lactamase substrates are
apparently capable of binding to the glutamine binding site
and acting as competitive inhibitors of glutamine hydrolysis
by glutaminases.

Crystal Structures of YbaS and YbgJ. Crystal structures
of unliganded YbaS (1u60) and YbgJ (1mki) were deter-
mined by MAD phasing and revealed a tetrameric protein
arranged as a dimer of dimers with each subunit providing
two R-helices (R6 and R10 in YbaS and R5 and R9 in YbgJ)
for the dimer/dimer contact (Figure 2A,B). The monomers
of both proteins have two compact domains: an R/�/R-
sandwich tightly associated with a mostly R-helical domain.
In the YbaS structure, five �-strands (�1, �2, �8, �9, and

FIGURE 2: Crystal structures of glutaminases. Overall structure of the tetramers: YbaS (A) and YbgJ (B). Protein subunits are shown in
different colors. Subunit structures of YbaS (C) and YbgJ (D) showing potential active sites. The secondary structure elements are shown
in different colors (R-helices, cyan; �-strands, magenta; loops, salmon) and are numbered in the YbgJ structure (D). The potential active
site is located in the area between R3, R6, and �8, and the position of the catalytic Ser (Ser66 in YbaS and Ser74 in YbgJ) is indicated by
the black arrow in the center of both structures.
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�10) make an antiparallel �-sheet flanked by four R-helices
(R1, R15, R16, and R17) on the protein surface side and by
the R-helix 12 on the opposite face (Figure 2C). YbgJ has a
very similar structure, but its �-sheet contains six �-strands
(Figure 2D). The recently solved crystal structure of a major
fragment of the M. luteus K3 glutaminase revealed the
presence of a C-terminal extension (141 amino acids) (15)
representing a poorly characterized STAS domain (PROSITE
entry PS50801).

The search for structural homologues of YbaS using the
DALI (53) (http://www.ebi.ac.uk/dali) and SSM (http://
www.ebi.ac.uk/msd-srv/ssm) databases identified the B.
subtilis YbgJ (1mki, this work), the M. luteus glutaminase
(2dfw), and the putative glutaminase GlsA from Geobacillus
kaustophilus (2pby) as the closest structural homologues (Z-
score 10.9-12.3, rmsd 1.5-1.6 Å). These analyses also
recognized a group of homologous structures of several
�-lactamases and penicillin-binding proteins with lower
structural similarity and Z-scores ranging from 3.8 to 5.8
(rmsd 2.3-2.8 Å; PDB codes 2c5w, 2bg4, 2bg3, 2bg1, 2c6w,
2fff). All of these proteins have low sequence similarity to
glutaminases (less than 25% sequence identity).

PutatiVe ActiVe Site. Crystal structures of YbaS and YbgJ
revealed the presence of a deep cleft, whose walls are formed
by the �-sheet and several R-helices of the helical domain
(R3, R6, and R8) (Figure 2C,D). The YbgJ Ser74 (Ser66 in
YbaS), which occurs within the �-lactamase motif 1 (Ser-
X-X-Lys), is located at the bottom of this cleft and is likely
to function as a catalytic nucleophile in the glutaminase
reaction (Figure 3). As in the E. coli RTEM-1 �-lactamase
(6), this Ser is surrounded by the side chains of three
conserved residues located on the equivalent secondary

structural elements: Lys77, Lys268, and Ser269 in YbgJ
(Lys69, Lys259, and Ser260 in YbaS) (Figure 3). Lys77 is
hydrogen bonded (2.8 Å) to the side chain of the conserved
Asn126 (Asn117 in YbaS), which is equivalent to the
RTEM-1 Asn132 (Figure 3). The YbgJ Asn126 (Asn117 in
YbaS) is close to the conserved Asn177 (Asn168 in YbaS).
Another YbgJ residue, Gly270 (Gly261 in YbaS), is con-
served and located on the �7 strand in both �-lactamases
and glutaminases. The absence of the side chain at this
position is perhaps essential for the catalytic reaction of
�-lactamases and glutaminases. The structure of YbgJ
showed an additional small electron density close to the
predicted catalytic nucleophile Ser74 which was interpreted
as a covalently bound phosphate in the PDB submission
(1mki). However, this density was not present in the
structures of the YbgJ-DON complex or YbaS, and the mass
spectrometric analysis of purified YbgJ produced no evidence
for the presence of any covalent modification in this protein.
Therefore, this additional density might actually represent a
noncovalently associated solvent molecule.

In contrast to �-lactamases, the active site of glutami-
nases accommodates the bulky side chains of three
conserved tyrosine residues: Tyr37, Tyr201, and Tyr253
in YbgJ and Tyr29, Tyr192, and Tyr244 in YbaS. This is
consistent with the smaller size of the glutaminase
substrate. The YbgJ Tyr253 (Tyr244 in YbaS) occupies
the position equivalent to that of the conserved Ser130 of
the E. coli RTEM-1 �-lactamase (Figure 3). The latter
residue is positioned close to the catalytic Ser70 and is
involved in the proton transfer from Lys73 to the nitrogen
atom of the substrate (6). In the class C �-lactamase from
E. cloacae (AmpC), Tyr150 exists in the position occupied

FIGURE 3: Close-up stereoview of the active sites of YbaS (A) and YbgJ with bound DON (B). The secondary structure elements are shown
in different colors (R-helices, red; �-strands, yellow; loops, green). The side chains of the conserved catalytic residues and DON are shown
as sticks (nitrogen atoms, blue; oxygens, red; the carbon atoms of DON, cyan). Note that YbgJ deamidates DON producing 5-oxo-L-
norleucine (ON) covalently bound to the enzyme.
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by Ser130 in class A enzymes (54) (Figure 4). In YbgJ,
the side chain hydroxyl oxygen of Tyr253 is 3.0 Å away
from the putative nucleophile Ser74 and 3.2 Å away from
the side chain of conserved Lys77, which is homologous
to Lys73 of RTEM-1 (Figure 4). While Tyr253 of YbgJ
and Tyr150 of AmpC are not similar in orientation and
located in different secondary structure elements, their
oxygen atoms are only 2.14 Å apart (Figure 4), suggesting
that they are functionally equivalent. Therefore, Tyr253
is likely involved in the proton relay pathway in YbgJ.
Tyr201 is placed in another corner of the YbgJ catalytic
cleft (4.8 Å from Ser74) and occupies the position
equivalent to that of the RTEM-1 Glu166 (Asn166 is
shown because the E166N mutant protein was used for
crystallization) (6) (Figure 4). In class A �-lactamases,
Glu166 functions as the general base of the deacylation
step and coordinates the nucleophilic water molecule (6).
Hence, Tyr201 might have the same role in the glutami-
nase reaction.

Mutational Studies of YbaS. The putative catalytic cleft
of glutaminases accommodates over a dozen residues
absolutely conserved in these enzymes. To check the role
of these residues in catalysis, we performed alanine replace-
ment mutagenesis of YbaS using specifically designed PCR
primers. Analysis of glutaminase activity of mutant proteins
revealed that most mutations resulted in proteins with greatly
reduced activity (Figure 5). S260A and Y29A had 16.5%
and 32.5% of the wild-type activity, respectively, whereas
all other mutants retained only 0.8-5.6% of activity. The
G261A mutant retained 54.7% of activity (Vmax), but its
affinity to glutamine dropped 3.2 times (Km increased to 23.7
mM) (Table 1). This indicates that the introduction of even
the small Ala side chain to the position of the conserved
Gly261 affects mainly the binding of glutamine to the
enzyme active site. Glu162 is not conserved in glutaminases,
and the YbaS E162A mutant showed the wild-type level of

activity and substrate affinity (Figure 5 and Table 1). Thus,
the putative catalytic cleft described above and conserved
residues are likely to represent the glutaminase active site.

Structure of the YbgJ-DON Complex and Substrate
Binding in Glutaminases. YbgJ was also crystallized in the
presence of the glutaminase inhibitor DON, and the structure
of the YbgJ-DON complex was solved independently of
the apo-YbgJ structure using SAD phasing to a resolution
of 2.3 Å (3brm) (Figures 3B and 6). The structure revealed
continuous electron density connecting the inhibitor to the
side chain of Ser74 (Ser66 in YbaS), indicating the presence
of a covalent bond between these moieties (1.3 Å). Previous
studies with the Pseudomonas 7A glutaminase-asparaginase
demonstrated that this enzyme removes the diazo group of
DON, releasing N2 and forming two covalent bonds between
the inhibitor C5 (Cδ) and the hydroxyl oxygens of Thr20
and Tyr34 (50). In the structure of the YbgJ-DON complex,
the Tyr253 side chain hydroxyl oxygen is positioned quite
close to the inhibitor C6 (Cε) atom (2.2 Å), but the structure
only shows the covalent bond between this atom and the

FIGURE 4: Comparison of the active sites of glutaminases and �-lactamases. Stereoview of superpositions of the key catalytic residues in
the active sites of YbgJ and (A) class A �-lactamase RTEM-1 from E. coli (1fqg) or (B) class C �-lactamase AmpC from E. cloacae P99
(1xx2). The side chains of the YbgJ residues are shown in green, and the �-lactamase residues are shown in cyan. The numbers of the YbgJ
residues are shown, whereas those in parentheses refer to the equivalent residues of the class A �-lactamase RTEM-1 (A) or to the class
C �-lactamase AmpC (B). There is no residue corresponding to Y253 in RTEM-1 or to Y201 in AmpC. The superpositions were done on
the whole proteins using the combinatorial extension method (64). The YbgJ/RTEM-1 superposition had an rmsd of 3.5 Å, while the
YbgJ/AmpC superposition had an rmsd of 3.3 Å.

FIGURE 5: Alanine replacement mutagenesis of YbaS: glutaminase
activity of purified mutant proteins. The reaction mixtures contained
25 mM glutamine and 0.2 µg of YbaS, and the continuous assays
were performed as described in Experimental Procedures.
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Ser74 hydroxyl oxygen (1.3 Å) (Figures 3B and 6). The
formation of this covalent enzyme-inhibitor complex was
previously predicted for deamidases but was never observed
experimentally (50). It appears that YbgJ removes the diazo
group of DON, producing N2 and 5-oxo-L-norleucine (ON)
covalently bound to the Ser74 side chain through its terminal
(C6) carbon atom. In the crystallization solution, this linkage
cannot be further processed and thus produces a stable acyl-
enzyme intermediate.

The YbgJ-DON (actually YbgJ-ON) complex is further
stabilized by interactions between the C5 (Cδ) carbonyl
oxygen of the inhibitor and the main chain NH groups of
Ser74 (3.1 Å) and Val271 (2.6 Å) (oxyanione hole) (Figure
3B). The R-carboxyl oxygens of ON are coordinated by
interactions with the side chains of Asn126 (3.0 Å) and
Tyr201 (2.6 Å), whereas its R-amido group interacts with
the side chains of Gln73 (2.8 Å) and Glu170 (2.8 Å).

Thus, we propose that the side chain Oε1 and Nε1 of
L-glutamine bind to the YbgJ active site near the catalytic
nucleophile Ser74 (Ser66 in YbaS) (Figure 7). The side chain
δ-carbonyl oxygen of glutamine might be coordinated by
the oxyanion hole formed by the main chain NH groups of
Ser74 and Val271 (Ser66 and Val262 in YbaS). The side
chain of Tyr253 (Tyr244 in YbaS), which is close to Ser74
(2.6 Å), is likely to be hydrogen bonded to the glutamine
Nε2 (the leaving group) (Figure 7). The R-amino group of
glutamine is predicted to be coordinated by hydrogen bonds
with the side chains of Tyr37, Gln73, and Glu170 (Tyr29,

Glu65, and Glu161 in YbaS), whereas the glutamine R-car-
boxyl oxygens are likely to be hydrogen bonded with the
side chains of Asn126 and Asn177 of YbgJ (Asn117 and
Asn168 in YbaS) (Figure 7).

Implications for the Potential Catalytic Mechanism of
Glutaminases. The conservation of overall �-lactamase
structure and several �-lactamase catalytic residues in
glutaminases, as well as the presence of low �-lactamase
activity in YbaS, suggests that glutaminases use a �-lacta-
mase-like catalytic mechanism for the deamidation of
glutamine. The proposed model of the glutaminase catalytic
mechanism is based on the mechanism of the E. coli
RTEM-1 �-lactamase described by Strynadka et al. (6) and
proposes the formation of a glutamyl-enzyme covalent
intermediate at the Ser74 Oγ acting as a catalytic nucleophile
(Figure 8). The important role of this residue in glutaminase
catalysis is supported by the very low activity of the YbaS
S66A mutant protein (Figure 5). Lys77 is likely to assist in
the nucleophilic attack by acting as a general base, thereby
accepting the proton from the Ser74 Oγ and transferring it
to the Tyr253 side chain oxygen. This results in the
tetrahedral intermediate-1 (Figure 8). The polarization of the
hydrolyzable C-N bond of glutamine is enhanced by
the hydrogen bonds from the oxyanion hole (the main chain
NH groups of Ser74 and Val271) to the carbonyl oxygen
atom Oε1. The formation of a glutamyl-enzyme intermediate
is induced by the proton transfer from Tyr253 to the substrate
Nε2 (the leaving group) and accompanied by the release of
ammonia, the first reaction product (Figure 8). Similar to
�-lactamases, the deacylation of a glutamyl-enzyme inter-
mediate is likely accomplished by a general base-assisted
nucleophilic attack of a deacylating water molecule on the
ester carbonyl carbon of the intermediate resulting in
tetrahedral intermediate-2 (Figure 8). In contrast to the
general base Glu166 of RTEM-1 (4.3 Å from Ser70), in
glutaminases this function is expected to be performed by
the conserved Tyr201 (4.8 Å from Ser74). The Tyr201 side
chain oxygen accepts the proton from the deacylating water
molecule and transfers it to the Ser74 Oγ, thereby regenerat-
ing the active site (Figure 8).

Physiological Role of Glutaminases. The main cellular
function of glutaminases was proposed to be associated with

FIGURE 6: Stereoview of the catalytic site of the YbgJ-DON complex. The omit map was generated by omitting both DON residues from
the model and replacing both Ser74 residues by glycine. Green density represents the resulting Fo - Fc map contoured at 2.3σ. This map
is shown around the model of the YbgJ/DON complex (not showing bound water molecules); protein residues (white carbon atoms) around
the covalently bound DON (cyan carbon atoms) of molecule A in the asymmetric unit are shown as a stick representation, and several
residues in contact with DON are labeled.

FIGURE 7: Proposed model of the binding of L-glutamine in the
active site of YbgJ.
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the control of the intracellular pool of glutamine, which
represents the central nitrogen metabolite in most organisms
(17, 55, 56). Depending on the growth conditions the
intracellular concentrations of glutamine in enterobacteria
and Bacillus can vary in a wide range: from 0.02 to 27.0
mM (57–62). Therefore, the substrate affinities of both lower
and higher affinity glutaminases from E. coli and B. subtilis
fall within this range, and both forms can play a significant
role in the intracellular glutamine metabolism. In B. subtilis,
YbgJ was shown to be involved in the assimilation of
glutamine, and the expression of its gene is activated by the
GlnK-GlnL two-component system in response to glutamine
(26). Moreover, increased resistance of enzymatic activity
of the E. coli YbaS to low pH in Vitro (Supporting
Information Figure 1A) and elevated expression of its gene
in response to acid shock in ViVo (63) imply that this
glutaminase might represent an additional component of the
acid resistance system in E. coli. Our preliminary results with
E. coli glutaminase deletion strains show that on M9 minimal
medium with glutamine as a sole source of nitrogen and
carbon the ∆yneH and ∆ybaS,∆yneH double deletion strains
grew two times slower than the wild-type or ∆ybaS strains
(data not shown). In addition, both E. coli glutaminase
deletion strains demonstrated a reduced growth rate during
the exponential growth phase in M9 minimal medium with
glucose (0.4%), glutamine (20 mM), and pH 4.5-5.0 (data
not shown). These results suggest that E. coli glutaminases

are involved in the assimilation of extracellular glutamine
and might also contribute to acid resistance. Future work is
required to further characterize the catalytic mechanism and
role of glutaminases in microbial metabolism.
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